Background/Aims: The development of nonalcoholic fatty liver disease (NAFLD) is associated with multiple genetic and environmental factors. Methods: We performed a genomewide association study to identify the genetic factors related to NAFLD in a Korean population-based sample of 1,593 subjects with NAFLD and 2,816 controls. We replicated the data in another sample that included 744 NAFLD patients and 1,137 controls. We investigated single-nucleotide polymorphisms (SNPs) that were related to NAFLD. Results: After adjusting for age, sex and body mass index, rs738409, rs12483959 and rs2281135, located in the PNPLA3 gene, were validated in our population (p<8.56×10 -8 ) in the same linkage disequilibrium block. Additionally, rs2143571, rs3761472, and rs2073080 in the SAMM50 gene showed significant associations with NAFLD (p<8.56×10 -8
INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) has been recognized as the leading cause of chronic liver disease, with a prevalence up to 20%-30% in the general population. 1 Most cases of NAFLD follow a benign clinical course, however, once simple steatosis progresses to nonalcoholic steatohepatitis (NASH), 25% of patients may experience further progression to liver fibrosis and cirrhosis. 2, 3 Furthermore, patients with NASH have increased liver-related mortality compared with the general population. 4 Genetic and environmental factors have important roles in the development of NAFLD. 5, 6 Single-nucleotide polymorphisms (SNPs) are widely used to identify genetic factors in various common diseases. The first genome-wide association study (GWAS) of NAFLD found that a SNP (rs738409, encoding I148M) in the patatinlike phospholipase domain-containing protein 3 (PNPLA3) gene on chromosome 22 conferred susceptibility to NAFLD in a population that included Hispanic, African-American and European-American individuals. Subjects homozygous for this allele showed a 2-fold increase in hepatic fat content compared to noncarriers. 7 A systematic review showed that rs738409 GG genotype was associated not only with liver fat accumulation but also with susceptibility to more aggressive disease. 8 A recent GWAS of a European population identified four additional variants associated with NAFLD including neurocan (NCAN), glucokinase regulatory protein (GCKR), lysophospholipase-like 1 (LYPLAL1) and protein phosphatase 1 regulatory subunit 3b (PPP1R1B).
Although genetic features and their contributions differ
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. among ethnicities, there are few studies incorporating GWAS of Asian populations. In a Japanese study, there was a significant association of the PNPLA3 gene with histologically diagnosed NAFLD. 9 Another GWAS in Japan reported the association of two additional genes with the development and progression of NAFLD. 10 The aim of this study was to evaluate the associations of genome-wide SNPs with the presence and severity of NAFLD in a Korean population.
MATERIALS AND METHODS
Study population
For our study, we analyzed the database from a previously described GENIE cohort. 11 Briefly, 8,000 people donated blood samples during a routine health check-up program at Seoul National University Hospital Healthcare System Gangnam Center between January 2014 and December 2014, and their blood samples were stored at a biorepository with their informed consent. Subjects with significant alcohol intake (>20 g/day for males and >10 g/day for females) were excluded (n=842). We also excluded 248 individuals who were positive for hepatitis B virus and 48 subjects who were positive for hepatitis C virus. Additionally, subjects with missing information were excluded from the study. This study was approved by the Institutional Review Board (No. 1601-010-730) of the Seoul National University Hospital with a waiver of informed consent.
Clinical and laboratory assessments
Each subject completed a past medical history questionnaire and underwent anthropometric assessment. The laboratory and radiological tests were performed on the same day. The body weight and height of each subject were measured using a digital scale. Body mass index (BMI) was calculated as the ratio of weight (kg) to area (m 2 , estimated from height). Waist circumference was measured at the midpoint between the lower costal margin and the anterior superior iliac crest by a well-trained person. Systolic blood pressure and diastolic blood pressure were each measured twice, and their mean values were reported. After an overnight 12 hours period, blood samples were collected from the antecubital vein of each individual. The laboratory evaluations included serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), total cholesterol, triglyceride, high density lipoprotein cholesterol, fasting glucose, hepatitis B surface antigen and antibody to hepatitis C virus. Abnormal liver enzyme levels were defined as elevated serum ALT above the strict cutoff point based on the updated definition (ALT >30 IU/ L for male and >19 IU/L for female) by Prati et al. 12 We defined the suspected NASH as presence of ultrasonographic fatty liver with serum ALT elevation. Hypertension was defined as having systolic blood pressure 140 mm Hg, having diastolic blood pressure 90 mm Hg or using of anti-hypertensive medication.
Diabetes mellitus was defined as either a fasting serum glucose level of 126 mg/dL or the use of anti-diabetic medication. The diagnosis of NAFLD was based on the ultrasonographic findings (Aloka a-10, Aloka, Tokyo, Japan) of experienced radiologists who were unaware of the clinical information. The sonographic features of fatty liver were classified based on previously described standard categories as follows; 13, 14 
Statistical analysis
A total of 584,061 SNPs that passed the quality control were used for the GWAS. We used the multivariable logistic regression model in the PLINK software package (version 1.07) and ordinal logistic regression in the R statistical software package version 3.1.1 (R development Core Team; R Foundation for Statistical Computing, Vienna, Austria) to test the association of NAFLD with SNPs in the genome. Age, gender and BMI were used as covariates. The R statistical software package, was used for the statistical analysis and to draw the Manhattan plot of -log10.
The results were verified using discovery and validation sets. We divided the enrolled population into two groups based on the time of enrollment. Samples from subjects who enrolled from January 2014 to October 2014 were used as the discovery set, and samples from subjects who enrolled in the subsequent months were used as the validation set. Comparisons of continuous variables between the two groups were performed using Student t-test, and categorical variables were compared using a chi-square test or Fisher exact test. Logistic regression analysis was used to analyze the association between NAFLD and control groups while controlling for potential confounders. Ordinal logistic regression analysis was used to analyze the association according to the severity of NAFLD. SNPs that had a p-value of less than 8.56×10 -8 (calculated by the Bonferroni correction method) in the discovery set were re-evaluated in the validation set. p-values of less than 0.05 in the validation set were considered significant.
RESULTS

Study populations
A total of 6,290 subjects were included. The mean subject age was 50.0±10.6 years, and 53.9% of the subjects were male. Based on the definition described in the methods, there were 4,409 samples in the discovery set and 1,881 samples in the validation set. The characteristics of the study population are described in Table 1 . The subjects in the validation set showed greater proportions of male, NAFLD and suspected NASH, and higher diastolic pressure, ALT, BMI and fasting glucose (p<0.05).
Genome-wide association analysis of NAFLD
We first evaluated genome-wide associations in the discovery set, with a significance threshold of p<8.56×10 -8 as the threshold after adjusting for age, gender and BMI. Fig. 1 shows a Manhattan plot with one peak, located on chromosome 22, that was associated with NAFLD. In the discovery set of the GWAS, seven SNPs on two chromosomes were significantly associated with NAFLD and we performed a validation test with the validation set, all remained significant ( Table 2 ). Among them, three SNPs, namely, rs738409, rs12483959, and rs2281135 located in the PNPLA3 gene showed strong associations with NAFLD (discovery set: p=1.74×10 -15 , p=5.79×10 -15 , and p=9.72×10 -15 ; validation set: p=2.56×10 -8 , p=1.34×10 -8 , and p=1.29×10 -7 , respectively). All the three SNPs were in strong linkage disequilibrium (LD; r 2 >0.9). An additional three SNPs, including rs3761472, rs2143571, and rs2073080 located in the SAMM50 gene, were in strong LD (r 2 >0.9) showed significant associations with NAFLD (discovery set: p=2.22×10 -11 , p=1.88×10 -11 , and p=2.72×10 -11 ; validation set: p=3.28×10 -7 , p=5.86×10 -7 , and p=7.83×10 -7 , respectively). In addition, rs58542926, located in the TM6SF2 gene showed a weak association with NAFLD (discovery set, p=6.08×10 -8 ; validation set, p=0.01385).
Impact of SNPs on the severity of NAFLD
We next investigated the associations of the SNPs found in the GWAS with NAFLD severity based on ultrasonographic grade, namely, normal versus mild versus moderate versus severe. The ordinal logistic regression analysis after adjusting for age, gender and BMI showed that that 10 SNPs showed signifi- 
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cant associations with the severity of NAFLD (Table 3) . Among them, three SNPs (rs738409, rs12483959, and rs2281135, located in the PNPLA3 gene) that had shown strong associations with the presence of NAFLD, also showed strong associations with the severity of NAFLD (discovery set: p=2.02×10 -19 , p=1.42×10 -18 , and p=2.21×10 -18 ; validation set: p=1.70×10 -8 , p=5.14×10 -9 , and p=4.92×10 -8 , respectively). An additional three SNPs (rs3761472, rs2143571, and rs2073080 located in the SAMM50 gene), showed significant associations with the severity of NAFLD (discovery set: p=1.03×10 -14 , p=1.08 ×10 -14 , and p=1.97×10 -14 ; validation set: p=2.07×10 -7 , p=9.01×10 -7 , and p=1.03×10 -6 , respectively). Finally we further stratified the subjects with NAFLD by serum ALT levels, as a possible proxy for NASH comparing; normal versus NAFLD with normal ALT versus NAFLD with elevated ALT (>30 for male and 19 for female, IU/L), which may reflect the presence of suspected NASH, and examined the association between SNPs and suspected NASH. We found that eight SNPs that had significant relationships with the severity of NAFLD also showed significant associations fatty liver with elevated ALT. Among them, rs58542926, located in the TM6SF gene, showed significant associations with suspected NASH (discovery set, p=2.85×10 -8 ; validation set, p=0.0018) ( Table 4) . When diabetes was added as an adjustment factor in both analysis, there was no change in the significant SNPs (data were not shown).
Analysis of metabolic traits and NAFLD-suspected SNPs
Because NAFLD is recognized as a hepatic manifestation of metabolic syndrome, we investigated the associations between metabolic traits and NAFLD-suspected SNPs. Six SNPs were associated with increased serum ALT and AST levels in the NAFLD group, but not in the control group (p-values <0.0001) ( Table 5 ). Other metabolic traits were not significantly associated with the six SNPs.
DISCUSSION
The significant associations between the PNPLA3 gene and NAFLD are well-known. However, there has been no study based on GWAS in a Korean population. In this study, we investigated the significance of association between the PNPLA3 gene and ultrasonography-diagnosed NAFLD or NAFLD severity. Moreover, we demonstrated that SAMM50 and TM6SF2 are most likely involved in NAFLD in the Korean population.
Romeo et al., 7 previously found that rs738409 is associated with increased hepatic fat, as measured by magnetic resonance spectroscopy in Hispanic, African American and European populations. Other groups have replicated significant associations between the SNP and fatty liver. 8, 15, 16 In addition, many subsequent studies were performed to identify new SNPs with roles in the development and progression of NAFLD. 17, 18 How- SNPs, single-nucleotide polymorphisms; NAFLD, nonalcoholic fatty liver disease; ALT, alanine aminotransferase; SE, standard error. *p-values are adjusted for age, sex and body mass index.
ever, previous studies has been primarily based on European or American populations. Because there are genetic variations among different ethnicities, it is valuable to evaluate the genetic background of NAFLD in Asian populations. In a GWAS using a Japanese population, SNPs in the PNPLA3 and SAMM50 genes were significantly associated with NAFLD, in accord with our results. 9, 10, 19 We observed that the SNPs that were associated with the presence of NAFLD also showed significant associations with the severity of NAFLD. Although ultrasonography is widely used as a first-line method to detect NAFLD according to practical clinical guidelines, 20, 21 ultrasonography has limitations when grading the severity of NAFLD. 22 A recent prospective study reported that serum ALT level elevation was associated with the degree of hepatic steatosis. 23 Thus, in our study, we further stratified NAFLD subjects according to their ALT levels. Using criteria for NAFLD categorization that were similar those in our study, Sung et al. 24 showed that overall cardiovascular risk was significantly greater in NASH, defined as steatosis accompanied by increased serum ALT levels, than in either simple steatosis or elevated ALT alone, suggesting that the NAFLD categories used in this study are useful for predicting the prognosis of NAFLD. We found significant associations of the PNPLA3 gene with suspected NASH in our study, consistent with previous studies showing association of Data were derived from a linear regression analysis. Each metabolic factor was adjusted for age, gender and body mass index. Genomic position is based on NCBI build 37. SNPs, single-nucleotide polymorphisms; HDL, high-density lipoprotein; SE, standard error; NAFLD, nonalcoholic fatty liver disease; SBP, systolic blood pressure; DBP, diastolic blood pressure; ALT, alanine aminotransferase; AST, aspartate aminotransferase.
rs738409 with serum ALT levels in Japanese 18 and U.S. populations. 25 The PNPLA3 gene is involved in lipid metabolism and modulates hepatic triglyceride accumulation. Recently, rs738409 was associated with decreased serum levels of triglycerides in type 2 diabetes. 10, 26 In addition, homozygous carriers of the PNPLA3 risk allele showed higher levels of fasting glucose than heterozygous carriers. 27 However, inconsistencies remain, there are no significant associations between rs738409 and NAFLD-related metabolic traits 28 in consistent with our results. These findings suggest the possibility of disconnect between metabolic risk factors and the risk of NAFLD conferred by rs738409. Metabolic syndrome may be related to obesity, dyslipidemia, hypertension and glucose intolerance while NAFLD may be more related to endogenous genetic predispositions toward fat accumulation in the liver. The role of SAMM50 and TM6SF2 in lipid metabolism and hepatic triglycerides accumulation have been reported. However, controversies remain that SAMM50 gene were associated with reduced or increased levels of serum triglycerides. 10, 29 TM6SF2 was known to be a regulator of hepatic fat metabolism. 30, 31 Further studies are needed to confirm the mechanism by which metabolic traits and NAFLD are associated. The strength of our study is that this is the first genetic analysis based on GWAS regarding NAFLD in Korean population, reflecting ethnic characteristics. Moreover, because of the relatively large sample size, the results of our study might have adequate statistical power.
There are several limitations in this study. First, we selected the discovery set and the validation set from the same population (those who had regular health check-ups at our institute). In the future, a validation study should be performed using a different population set. Second, because the study population was based on subjects who visited a single health screening center in Korea for health check-ups, it may not be representative of the general population, and there might be a selection bias. Third, it is impossible to discriminate normal, NAFLD and NASH using single ultrasonographic exam and serum ALT level. Fourth, hepatic sonography cannot diagnose a small fatty infiltration below 30% and it is not so much accurate as Fibroscan or liver biopsy to measure the degree of fatty liver, thus there may be the possible measurement bias. Finally, we cannot identify the effect of insulin resistance as a metabolic trait because there was no data regarding insulin levels in this study.
In conclusion, we demonstrated that the PNPLA3 and SAMM50 genes are significantly associated with the presence and severity of NAFLD in a Korean population. These findings confirm the important roles of genetic factors in the pathogenesis of NAFLD.
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